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ABSTRACT:. The conformational constraints on protein denatured states are of prime importance in
modulating early events in protein folding. Although structural studies have demonstrated residual structure
in protein denatured states, much remains poorly understood with regard to the conformational properties
of this state. Here, we investigate topological effects on loop formation probabilities in denatured iso-1-
cytochromec by comparing histidine heme binding affinities for histidines on the N- versus the C-terminal
side of the heme. For histidines N-terminal to the heme (preceding cysteine 14), the polypeptide emerges
from the edge of the heme and must simply fold over to bind to the heme. For histidines C-terminal to
the heme (following histidine 18), the polypeptide emerges from the back side of the heme and must
wrap around the heme for the histidine to bind to the heme. Thus, the steric constraints on this wrap-
around topology are expected to be much more demanding than for the heme-edge topology of the
N-terminal histidines. Evaluation of loop formation probabilities3iM guanidine hydrochloride, conditions

that fully denature the variants studied, demonstrates that N-terminal histidémee loop formation is
10—25-fold more favorable than C-terminal histidinkeme loop formation, for similar loop sizes. A
two-dimensional square lattice model indicates that excluded volume is important in this topological
preference. These data provide direct evidence that denatured state topology affects contact probability,
and thus probable folding pathways, in a disordered protein.

The mechanism by which the conformational search ties appear to be of prime importance for efficient protein
required to fold a protein is limited is of both fundamental folding.
and practical significancel{-5). A number of proposals have  Recently, analysis of the native state topology of proteins
been put forth concerning how the conformational search is has demonstrated a strong correlation between high content
limited so that a protein folds in a biologically reasonable ¢ |ocal structural contacts (low contact order) and fast
time (2). The presence of well-defined folding intermediates  fo|ding (15-17). Presumably, this correlation results from
is one means to limit the searcB)(The intrinsic downward  the intrinsic conformational constraints on the denatured state

energy bias for folding, or folding funnel model, also of 5 protein. Interestingly, two-dimensional (2D) square
provides for efficient protein foldingd). The conformational  |attice models indicate that when a loop consistent with the
search is also limited if the denatured state retains orderedssmation of a turn of helix or #-turn is imposed, the highest

structure §). Both thermodynamic®) and structural¥, 8) probability second loop leads to helix or sheet formati).(
studies support the presence of residual structure in de”ature@:omparison of the lattice model data with the results of
proteins. NMR studies on the drkN SH3 domaBy (0) random flight theory demonstrates that the preference for
demonstrate that the residual denatured state structure is MOrecondary structure formation is an excluded volume effect.
pronounced under nondenaturing conditions. NMR studies, Thys, structural preferences result from intrinsic conforma-
on both the drkN SH3 domairlQ) and reduced lysozyme  iona| constraints on a disordered polymer. Recently, we
(11) in water, are consistent with long-range hydrophobic gygied denatured state histidineeme loop formation for
clusters stabilizing residual structure in the denatured states, ggt of iso-1-cytochrome variants (9), providing loop

of proteins. In fact, the topological features of the dominant ¢5rmation probabilities for loops of-983 amino acids. Our
conformers of the drkN SH3 domain in water are similar to technique of evaluating loop formation probabilities in

those of the native state structurg0( 12). Even under  genatyred proteins is a thermodynamic approach and thus
strongly denaturing conditions, staphylococcal nuclease qyiges an important complement to the structural studies

retains the essential features of its native state structuralgp, protein denatured states. A 37 amino acid loop was most
topology (L3, 14). Thus, denatured state topological proper- propaple, with an affinity~5-fold higher than for smaller
loops. This result seemed at odds with a link between
t This work was supported by NIH Grant GM57635-02 (to B.E.B.). denatured state conformational properties and the observed
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the importance of these factors in defining contact formation ellipticity as a function of [GdnHCI] was fit to a two-state

preferences in a disordered polypeptide. unfolding model by nonlinear least-squares methods, assum-
ing a linear free energy relationship for the dependence of
MATERIALS AND METHODS unfolding free energyAG,, on [GdnHCI] 26). Values for

the stability in waterAG,(H,0), and the denaturant depen-
dence ofAG, (mvalue) were obtained from the fits to the
data. The errors reported are the standard deviation of three
separate experiments.

Denatured State Titration®enatured state titrations were
carried outn 3 M GdnHCI, 5 mM NaHPQ,, and 15 mM
NaCl by monitoring the absorbance at 398 nm as a function
of pH, as previously describedlq, 26—28). Data were
obtained at 3 and 7.xM protein concentration for all
variants. For the AcH11 variant, data also were obtained at
15uM protein concentration. At 16M protein concentration
the transition was monitored at 380 nm. The data were fit to
eq 1 to obtain the observedp pK,(obs), and the number

Preparation of Iso-1-cytochrome ¢ Varian&he AcH11,
AcH4, AcH(—2), and AcH{2)S2T variants (in the termi-
nology AcHX,! Ac indicates N-terminal acetylation in vivo,

H indicates histidine anX the sequence position of the
histidine, and S2T indicates that Ser 2 is converted to Thr)
were produced in the pRS/C7.8 vector using the method of
unique restriction site eliminatior2Q). The AcHX variants

are derived from the AcTM variant (vida infra) by adding a
single histidine at positioX in the sequence. The pRS/C7.8
vector was produced by removing the 990 base Keid/
Hindlll fragment from the 2.5 kbCYC1 gene fragment
contained within the pRS425/CYC1 vect@ilf and ligating

this fragment between th¥md and Hindlll sites of the
pRS425 yeast shuttle vect@2). The 990 bpCYC1lfragment
was gel purified and isolated by the LiCl methd8) prior A — Asgg st Agog s 10/PHaCDPF) (1)
to ligation into pRS425. Th&Xmad/Hindlll fragment of the 398 1 + 10"(PKa(0bs)-pH)

CYC1 gene contains the necessary control elements for
expression of this gene iBaccharomyces cerisiae (24).

The CYC1fragment carrying the AcTM variant [F5)S,
K(=2)L, H26N, H33N, H39Q, C1025] of iso-1-cytochrome 54 398 nm of the low-spin form of the heme (histidine bound
c was used to prepare the pRS/C7.8 vector, for the work

in the sixth coordination site), a is the absorbance
described here. This variant has had all histidines except the,: 398 nm of the high-spin fo)rm Zﬁbtgﬁgshemez@ibound in

native state heme ligand, His 18, removed and is N-terminally yhe gjxth coordination site). The values reported are the
acetylated in vivo 19). The restriction siteSad and Sadl average of three separate experiments at\8 protein

upstream from theCYC1 gene in the multiple cloning  ;qncentration and two separate experiments at 7.5 and 15

sequence of the pRS425 DNA were eliminated and restored, \1 protein concentration. The error given is the larger of
in alternation to provide selection for mutations in ©¥¢C1

" X the standard deviation of the separate experiments or the error
gene. Initial mutations to the AcTM pRS/C7.8 DNA used

X _ in the parameter from the nonlinear least-squares fit of the
the Sad-+i— ollgonucleot_|de Sd(GCQA.CCGCG—CTG' data obtained from the output of Sigmaplot (v.7).
GAGCTCCAGC)-3 (underlined base eliminates ti8adl

- . . . For cases where the histidineeme ligation is concentra-
restriction site) an&ad| digestion of mutant pRS/C7.8 DNA tion dependent. the intermolecult.¢.) and intramolecular
isolated fromMutS (BMH 71-18)Escherichia colicells to P ’ iher)

. . . Kintra) €quilibrium constant expressions are given by eqs 2
select for mutations to thEYClgene, as described previ- (Kinva) €0 P g y &d

and 3, respectively. At the midpoint of the titration,
ously (19). Second mutations [AcH{2)S2T) variant] were P y P
selected using digestion by ti$ad enzyme in conjunction

of protons involved in the process, In eq 1,Asgs is the
absorbance at 398 nm at a given s sis the absorbance

_ [cyt c Fe—His cytc][H ']

with the Sad—I1+ oligonucleotide 5d(GCCACCGCGGT- = 2)
GCAGCTCCAGC)-3 (underlined base eliminates tSad ™ [eyt ¢ Fe[cyte HisH']

restriction site). Mutations were characterized by DNA

sequencing using a Beckman CEQ2000 DNA analysis _[eyte Fe—His][H]

system. Mutant DNAs were transformed into tBecerei- intra ™ [cyt c Fe] (3)

siae GM-3C-2 cell line (cytochrome deficient; 25), the
transformants characterized, and the variant iso-1-cyto- K, ... x [cyt ¢ HisH'] = [H*] and Kinga = [H]. Since [cyt
chromesc isolated and purified from transformed yeast, as ¢ HisH'] = [cyt cJow/2 at the titration midpoint, the

described previously2(). concentration dependence of the observed equilibrium con-
Stability Measurement&dnHCI denaturation monitored  stant derived from the titration midpoint is given by eq 4.

by circular dichroism was carried out, as described previously

(26). All measurements were made atZ5in the presence Kops = Kintra T Kinted2)[CYL Cliga (4)

of 20 mM Tris, pH 7.0, and 40 mM NacCl, as buffer. The

2D Square Lattice ModelsThe square lattices used for

1 Abbreviations: GdnHCI, guanidine hydrochloride; A¢Han iso- the two histidine-heme binding topologies are as defined
1-cytochromee variant acetylated at the N-terminus, which contains a b the caption to Figure 3. Exhaustive enumerations were
single surface histidine at positiod; AcTM, a variant of iso-1- .. CL
cytochromec with no surface histidines and N-terminal acetylation; made more efficient by taking a_dvantage of the pseudo-2-
pKa(obs), observed iy, for loss of histidine-heme ligation under ~ fold symmetry of the square lattices. The set of conforma-
denaturing conditionsCm, midpoint of guanidine hydrochloride unfold-  tions for the previous chain length,— 1, were used as a

ing titration; AGy(H20), free energy of unfolding extrapolated to zero - gta1ting point to enumerate conformations for the next chain
denaturant concentratiom, slope of the dependence of free energy of

unfolding on guanidine hydrochloride concentratidh; fraction of length,n, by adding one monomer to the end of the chains
conformations that form a loop of size of then — 1 set in all orientations yielding no overlap with
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Ficure 1: Schematic representation of the (a) wrap-around and (b) heme-edge topologies of kiktdireebinding in the denatured state

of cytochromec. In both (a) and (b) the low-pH form of the heme with water bound in the sixth coordination site is shown on the left. In

the wrap-around binding mode histidines C-terminal to the site of heme attachment (Cys 14, Cys17, and His 18) to cytogcimahoe

the heme as the pH is raised. In the heme-edge topology, histidines N-terminal to the site of heme attachment bind to the heme as the pH
is raised.

other chain monomers and consistent with the allowed 90 state of the drkN SH3 domain in watet2). Thus, the

and 180 bond angles in the 2D square lattice. excluded volume effects of heme can provide an important
benchmark for the effect of this type of persistent residual
RESULTS AND DISCUSSION structure on the conformational properties of the adjacent

polypeptide chain.

L F tion Topol Vari DesigiTh . .
oop Formation Topology and Variant Desighe In previous work 19, 26, 27), we have studied denatured

asymmetry of the attachment of the heme to the polypeptide e - S .
ofycytoch?/omec provides a facile means tope\yeflugte state histidine-heme binding for histidines C-terminal to the

topological effects on denatured state loop formation. The heme of iso-1-cytochrome Thus, to investigate topological
heme is attached through thioether linkages to cysteines 14effects on denatured state conformational properties, we have

and 17 at the edge of the heme plane (Figure 1) Underprepared variants of iso-1-cytochromerith single histidines
denaturing conditions, the native interaction between His 18 N-terminal to the heme. Since the heme is attached only 19

and the heme iron remains, whereas the Met 80 bond to the'€Sidués from the N-terminus, comparison will only be

iron is lost and replaced by other ligan@8). Near neutral poss'ible with .the shorter loop s'izes provided by' the C-
pH, the predominant heme ligands, under denaturing condi- terminal AcHX iso-1-cytchomee variants studied previously

tions, are the imidazole side chains of histidiie, (26— (19). Thus, we prepared the is.o-l-_cytochrome./ariant.s
31). Inspection of Figure 1 shows that the steric constraints A_‘C,Hll' AcH4,_and AcH(-2), which '””F’duce single his-
on loop formation will be very different for histidineneme ~ tidines at positions 11, 4, andz, respectively. In all cases,

loop formation by histidines that are on the C-terminal versus & Surface-exposed lysine was replaced by histidine. The
the N-terminal side of the heme. Histidine side chains N-terminal acetylation in these variants is essential to prevent

C-terminal to the heme attachment site will have a wrap- N-terminal amino groupheme ligation from interfering with

around topology (Figure 1a) for loop formation at the sixth .evaluatio.n_ of the histidineheme equilibrium under denatur-
coordination site of the heme (Met 80 binding site in the N9 conditions 19, 28). These variants can form denatured

native state), since this portion of the polypeptide emerges Staté histidine-heme loops of 4, 11, and 16 amino acids,
from the back side of the heme. Histidine side chains &llowing comparison with the previously reported AcH27
N-terminal to the heme attachment site at Cys 14 will have @nd ACH33 variants which form denatured state histiétine

a heme-edge topology (Figure 1b) for binding to the heme N€me loops of 10 and 16 amino acids, respectivég). (

at the sixth coordination site, since this portion of the  Since the steric properties of proline, glycine, ghdub-
polypeptide emerges from the edge of the heme plane. Sincestituted amino acids should significantly impact polypeptide
heme is a large prosthetic group&.5 A diagonally across),  conformational properties relative to alanine and other non-
it will significantly affect the sterics of the polypeptide chain. S-substituted amino acid82), the percent content of these
Thus, the heme of cytochrontecan serve as a model for amino acids within the denatured state histiditheme loops
the excluded volume effects of residual structure on the formed was considered in variant design. There are no
conformational properties of a denatured protein and the prolines in iso-1-cytochrome N-terminal to Cys 14. The
effects of chain topology with respect to that residual percent glycine content of the AcH11, AcH4, and Aet(
structure. Although the precise shapes are different, a hemehistidine-heme loops is 0%, 9.1%, and 12.5%, respectively.
is similar in dimension to~1.5 turns ofa-helix or a 6-residue  Since it is impossible to create a 4-residue loop witt0%
B-hairpin. SeveraB-hairpin structures are persistently popu- glycine content, no attempt was made to rectify this
lated in the ensemble of structures that represent the unfoldedliscrepancy. The percefitsubstituted content of the AcH11,
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Table 1: Thermodynamic Parameters from GdnHCI Denaturation of
AcHX Iso-1-cytochromes at pH 7 and 25°C

AG,°(H;0) m
variant (kJ/mol) [kJ/(mol-M)] Cmn (M)
AcTM?2 16.4+ 0.6 155+ 0.8 1.06+ 0.01
AcH11 17.0+ 1.0 251+ 1.4 0.68+ 0.04
AcH4 8.5+ 0.6 19.4+1.2 0.44+ 0.01
AcH(—2) 11.1+ 0.5 20.8+£ 1.0 0.54+ 0.01
AcH(—2)S2T 7.5+ 0.7 23.2+1.4 0.32+0.01

aData taken from refl9.

AcH4, and AcH(2) loops is 25%, 18.2%, and 12.5%,
respectively. To control for this difference, the serine at
position 2 of AcH(2) was mutated to threonine, producing
the variant AcH{2)S2T (18.8%p-substituted in the dena-
tured state histidineheme loop formed).
Guanidine Hydrochloride Denaturation Experimenidl

variants were characterized by guanidine hydrochloride
(GdnHCI) denaturation to verify that the proteins were

unfolded under the conditions used to measure loop forma-

tion (3 M GdnHCI). The data are summarized in Table 1.
The midpoint GAnHCI concentratioy, for unfolding of

each protein is significantly below 1 M; thus all variants are
denaturedn 3 M GdnHCI, the conditions used for denatured
state histidine-heme titrations. The denaturant unfolding

Smith et al.

A3 98
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Ficure 2: Titration of histidine-heme binding as a function of
pH for N-terminal iso-1-cytochrome variants. Histidine-heme
binding is monitored at 398 nm in the Soret absorption band which
is sensitive to the spin-state transition caused by switching from a
strong field ligand (histidine) to a weak field ligand 4B)) in the
sixth coordination site of the heme. The solid triangles are data for
the AcH11 variant at 3«M protein concentration, and the solid
circles are data for the AcH{2) variant at 3«M protein concentra-
tion. The solid curves are fits of the data to eq 1 in Materials and
Methods. The parameters, from fitting the data, are collected in
Table 2. All experiments were carried out at a [GdnHCI] of 3 M.
Protein concentration was kept constant throughout the experiment.

parameters of the parent protein, AcTM (no histidines except Data were obtained at 22 1 °C.

His 18), are provided in Table 1 for comparison. All variants,
except for AcH11, are strongly destabilized relative to the
AcTM variant. In previous work, we have shown that heme
ligands provided by side chains other than histidine do not
compete significantly for heme binding at or below pH 7
[pKa(obs) for AcTM is~7.5; see refl9]. Thus, under the
pH 7 conditions used for GAnHCI denaturation, histidine will

be the heme ligand at the sixth coordination site of the heme acHa

in the denatured state. The highly favorable histiiheme
loops formed for all but the AcH11 variant (vida infra) will

strongly stabilize the denatured state in our GdnHCI dena-

turation experiments, possibly accounting for the significant
loss in overall stability for the AcH4, AcH{2), and AcH-
(—2)S2T variants relative to the AcTM variant. It is
interesting to note that thervalues for these variants are
typical of the wild-type proteinth = 21.4+ 1.5 kJ/(mof

M); see ref26] and the C-terminal AcK variant with the
shortest loop, AcH26rm = 19.4+ 0.8 kJ/(moiM); see ref
19]. In our work on the C-terminal AcM variants (9), we
noted that themn-value decreased with increasing loop size.

Table 2: Equilibrium Parameters for Denatured State Loop
Formation h 3 M GdnHCF

loop  [protein]

variant size (uM) pKa(obsy nc
AcH11 4 3 5.15+ 0.03  1.39+ 0.08
7.5 5.02+ 0.04 1.44+0.11
15 4.57+ 0.06 0.98+ 0.04
11 3 4.22+ 0.03 0.83t 0.07
7.5 4.33+0.05 0.98+0.03
AcH(-2) 16 3 420+ 0.04  0.95+0.06
7.5 4.15+ 0.06 0.92+ 0.28
AcH(—2)S2T 16 3 4.28 0.09 0.92+ 0.05
7.5 4.29+ 0.05 1.00+ 0.04

aTitrations were carried out at 22 1 °C. ® Loop size is measured
inclusively from Cys 14 to the histidine that binds to the heme in the
denatured staté.The apparentlg, pKs(obs), and the number of protons
involved in the processy, were obtained by fitting the pH versus
absorbance data to eq 1 in Materials and Methods.

is expected if histidineheme binding has an intermolecular
component. This trend is observed only for the AcH11

With these variants, the loops are small and leave the variant (Table 2). A linear plot oK (obs) versus [AcH11]

majority of the polypeptide, C-terminal to the heme, uncon-
strained.

Denatured State Loop Probability Measuremerifie
histidine-heme affinity under denaturing conditions is
measured with a simple pH titration (Figure 2) in 3 M
GdnHCI (19, 26—28). The spin-state transition induced by
switching from a weak field (kD) to a strong field (histidine)

(eq 4, Materials and Methods) extrapolates to zero, within
error, giving a value for the intramolecular histidineeme
equilibrium constant oKina = (—0.1 £ 5) x 1078, Thus,
intramolecular histidineheme binding is insignificant for
AcH11. The intermolecular histidirgheme equilibrium,
Kinter, derived from the slope of thi€,(obs) versus [AcH11]

is 3.4+ 0.9. Although the less sterically constrained heme-

ligand (Figure 1) can be conveniently monitored at the heme edge topology might have been expected to allow loop

Soret absorbance bant( 26—30). Titrations of histidine-
heme ligation for AcH11 and AcHf2) at 3 uM protein
concentration (Figure 2) arel proton processes (Table 2),
as expected (see Figure 1). To verify that histidiheme
binding is intramolecular, ,(obs) values were determined
as a function of protein concentration for each variant. A
decrease in lg,(obs) with increasing protein concentration

formation for the short 4-residue loop required by AcH11,
such short loops are clearly unfavorable. The lack of the
flexible amino acid, glycine32, 33), in the intramolecular
loop required by AcH11, the small size of the loop, and the
close approach of the two hemes in the intermolecular
reaction probably all promote the intermolecular over the
intramolecular reaction for AcH11.
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The denatured state histidineeme loops formed by the  expected to decrease the average dimension of a disordered
AcH4, AcH(—2), and AcH(2)S2T variants are all highly  polypeptide chain36, 37), again favoring denatured state

favorable, giving denatured state histidirteeme [K,(0obs) loop formation for the C- versus the N-terminal A¥H
values of 4.2-4.3in 3 M GdnHCI (Table 2). For comparison, variants. Like the AcH4 and AcH{2)S2T variants, the
C-terminal AcHX variants with loop sizes of-922 gave Kx- percent content g¥-substituted amino acids in the histidine

(obs) values of 5.25.7 in 3 M GdnHCI. The 11-residue heme loops formed i3-20% for the C-terminal AcH27,
loop formed by the AcH4 variant is similar in size to the AcH33, and AcH54 variants. Overall, the sequence composi-
10-residue loop formed by the AcH27 variant on the tion differences between the N- and C-terminal loops should
C-terminal side of the heme. Thé&gobs) for the AcH27 favor loop formation from the C-terminal side of the heme,
variant is 5.6&+ 0.03 (3 M GdnHClI; see ref9), ~1.4 K if anything, leading to an underestimate of the preference
units (25-fold) less favorable than th&ygobs) for the 11- for heme-edge topology indicated by ouffobs) measure-
residue loop formed by the AcH4 variant (Table 2). The 16- ments h 3 M GdnHCI.
residue loop formed by the AcH) and AcHE2)S2T The Kj(obs) values for the AcH{2) and AcH{2)S2T
variants is the same size as the loop formed by the C-terminalvariants provide an opportunity to experimentally evaluate
AcH33 variant. The f4(obs) of 5.26+ 0.04 (3 M GdnHCI; the effect off-substituted amino acids on the conformational
see refl9) for the AcH33 variant is~1 pK unit (10-fold) properties of a disordered polypeptide. Thesubstituted
less favorable than the 16-residue loop formed by the AcH- amino acids are expected to expand the dimension of a
(—2) and AcHE2)S2T variants (Table 2). Thus, for similar  random coil 82), lowering loop formation probability.
denatured state loop sizes, the heme-edge topology ofHowever, the effect is predicted to be mod&st)( The K-
N-terminal loop formation is considerably more favorable (obs) data (Table 2) for AcH{2) versus AcH{2)S2T
than the wrap-around topology of C-terminal loop formation. (12.5% versus 18.896-substituted, respectively) do show
Since the portion of the iso-1-cytochromepolypeptide an increase in thely(obs) of~0.1 K unit consistent with
N-terminal to the heme is short (N-terminal amino acid is at the expected decrease in denatured state loop formation
position—5), it is not possible to obtain the broad range of probability when an additiongd-substituted amino acid is
loop sizes measured on the C-terminal side of the hd®e (  inserted in the 16-residue loop. However, the observed
Thus, the most favorable loop size is not known. For the difference is not outside the error of our measurement. Thus,
C-terminal histidine variants, the AcH54 variant (loop size our experimental data indicate that the effect on the confor-
of 37) has the most favorable denatured state histiclegne mational properties of a disordered proteinjesubstituted
loop. Although calculations on polyalanine) indicate that ~ amino acids relative to nofi-substituted amino acids is of
chain stiffness is important out to chain lengths of 3@)( negligible importance.
more recent calculations suggest a most probable loop size Does the heme of cytochroneeperturb the properties of
of ~10 residues for loop formation in a disordered polypep- its denatured state, from a thermodynamic standpoint,
tide (35). Given the different topologies for histidindneme compared to the denatured state of non-heme-containing
loop formation under denaturing conditions for N- versus proteins? Myers et al38) surveyed a broad range of proteins
C-terminal AcHX variants, it is conceivable that the most and examined two important thermodynamic parameters that
probable loop size would differ. Thus, comparison of the describe the characteristics of the denatured state of a protein
histidine—heme affinity of the N-terminal AcM variants relative to the native state of a protein, denaturanalues
with the histidine-heme affinity of the C-terminal variant  and the heat capacity increment of unfoldiagz,. Both of
with the most favorable loop, AcH54, would provide a lower these parameters are expected to correlate with the change
limit for the enhancement in loop formation probability for in solvent-exposed surface area upon unfolding)SA.
the heme-edge versus the wrap-around topology. Kae p  Good linear correlations were observed betwe@eT), and
(obs) for the AcH54 variant is 4.8+ 0.06 (3 M GdnHCI; AASA and denaturam values and\ASA for the set of 45
see refl9), 0.5 K unit (3-fold) less favorable than loop proteins examined. In both cases, the data for cytochiome
formation for either the AcH4 or AcH(2)S2T variant. Thus,  fell right on the correlation line. Thus, thermodynamically,
even at the lower limit, histidineheme loop formation under  the denatured state of cytochrorgeis representative of
denaturing conditions is significantly more favorable for the protein denatured states, and the perturbation due to heme
heme-edge versus the wrap-around topology. appears to be negligible. Heme is sterically larger compared
In comparing denatured state histidirtfeeme affinities, to many amino acids. Here we take advantage of this
it is also important to consider differences in the sequence property, as described above, to model the effects of
composition of the loops formed, since this factor may persistent residual structure on chain conformational proper-
influence loop formation probability. As noted above, the ties. These effects are explored more fully with lattice models
percent content of glycine in the histidinbeme loops in the next section.
formed by AcH4, AcH(2), and AcH2)S2T is~10%. For Loop Formation with a 2D Square Lattice Mod&b gain
the C-terminal AcH27, AcH33, and AcH54 variants, the further insight into topological effects on denatured state loop
glycine content is~20% in the histidineheme loops  formation, we use a 2D square lattice model. This model
formed. The greater flexibility of glycine3@, 33) should has proven useful in determining loop formation probabilities
enhance denatured state loop formation probability for the in polymers and in understanding the role of excluded
C-terminal versus the N-terminal variants. There are no volume in modulating conformational propertiek8). The
prolines on the N-terminal side of the heme, whereas the 2D square lattice tends to accentuate excluded volume
proline content of the C-terminal denatured state loops effects; however, qualitatively, the same conclusions are
formed by AcH33 and AcH27 is~10% and for AcH54 obtained with a 3D cubic lattice model§, 39). In our 2D
~5%. Insertion of individual prolines into a protein is square lattice model, three monomers are held fixed to
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(a)

Table 3: Loop Formation Probabilities from 2D Lattice Models

Heme-Edge Topology

total
chain  confor-
lengti® mations Roe Pgoc Pgoc
4 25  0.0400I(=0)
5 67  0.02991(= 1)
6 189  0.0265l(=2) 0.0212(=0)
(b) 7 509  0.0275l(=3) 0.0118(=1)
8 1399  0.0264l(=4) 0.0093(=2) 0.0114(=0)
9 3795 0.0271(=5) 0.0095(=3) 0.0071(=1)
Wrap-Around Topology
total
chain confor-
lengttt mations pee Pgbe
4 21
Ficure 3: Representative 2D square lattice conformations for (a) 2 122
the heme-edge topology for histidinbeme binding and for (b) 7 417 0.00480I(= 0)
the wrap-around topology for histidindieme binding. The heme 8 1163 0.00344] =1)
is represented by a black rectangle containing three monomers, 9 3093 0'00323|(: 2) 0.00452 (= 0)
represented as circles. The solid and open circles at opposite ends 1 8357 0.00335 3) 0.00287 (=1)

of the heme unit represent the inherent asymmetry of the heme
(cysteine thioether side and heme propionate side, respectively). *Chain length is the number of monomers excluding the three
The line emerging from the central gray monomer represents the representing the hemep, is the fractional probability of forming a
sixth coordination site of the heme where the loop is closed. Chain loop containingc monomers. Only chain residues, not heme residues,
residues are shown as solid gray circles. The black lines are theare counted as part of the lodp.is calculated by dividing the number
bonds between the monomers. For the heme-edge topology, theof conformations that form a loop of sizeby the total number of
chain emerges from the left side of the cysteine thioether monomer conformations possible for the chain length being enumerattie
of the heme unit. The first chain monomer for the heme-edge number], in parentheses indicates the number of monomers separating
topology is equivalent to Cys 14 in cytochroroeFor the wrap- the monomer which forms the loop from the free end of the chain.
around topology, the chain emerges from the central monomer of
the heme unit on the side opposite from the sixth coordination site.
The first chain monomer for the wrap-around topology is equivalent
to His 18 in cytochrome. Chains of nine monomers are shown
for both the heme-edge and the wrap-around topologies. For the
heme-edge topology, the diagram on the left shows a conformation
with a 6-residue loop closed, the diagram in the middle shows a
conformation with an 8-residue loop closed, and the diagram on
the right shows a conformation with no loop closed. For the wrap-
around topology, the diagram on the left shows a conformation
with a 7-residue loop closed, and the diagram on the right shows Ficure 4: Relative excluded volume effects for the heme-edge (a)
a conformation with no loop closed. Note that only chain monomers, versus the wrap-around (b) topology in the 2D lattice model. The
not heme monomers, are counted as part of the loop. The resultsheme is represented as described in the caption to Figure 3. The
of exhaustive enumeration of conformations on the heme-edge andfirst chain monomer is shown as a solid black circle. The possible
wrap-around topology 2D square lattices are summarized in Table conformations for the second monomer are shown as gray circles.
3. The possible conformations for the third monomer are shown as
open circles. The solid lines represent the bonds between the
represent the heme (Figure 3). For the heme-edge topologymonomers.

(Figure 3a), the chain extends from one edge of the heme,
and for the wrap-around topology (Figure 3b), the chain conformational possibilities for the third monomer added to
emerges from the side opposite the histidine binding site oneach chain (Figure 4). A maximum of three positions is
the heme. We have carried out exhaustive enumeration ofpossible for a monomer added to the end of a chain in a 2D
the possible conformations for chain lengths ranging from 4 square lattice. For the wrap-around topology, two of the three
to 10 monomers and tabulated the fraction of histieiheme conformations for the second monomer only allow two
loop-forming conformations?,, wherex is loop size (Table conformations for the third monomer because of the presence
3). Due to the nature of the 2D square lattice, the wrap- of the heme (Figure 4b). In the case of the heme-edge
around topology can only form loops containing an odd topology, all three conformations for the second monomer
number of chain monomers, and the heme-edge topologypermit three conformations for the third monomer (Figure
can only form loops containing an even number of chain 4a). This difference in the excluded volume effects for the
monomers. Thus, loops that differ by one chain monomer, wrap-around versus the heme-edge topology reduces the size
for the two topologies, will be compared. of conformational space for the wrap-around topology
There are obvious differences between the data for therelative to the heme-edge topology.
heme-edge and the wrap-around topology. For the same chain Inspection of Figure 4 shows that the disallowed confor-
length, the size of conformational space is significantly larger mations for the third monomer will tend to bias the
for the heme-edge versus the wrap-around topology (Tableconformational distribution for the wrap-around topology
3). That this is an excluded volume effect resulting from toward conformations on the back side of the heme. On the
the topology of the chain with respect to the heme can be other hand, it is clear from the symmetry of the heme-edge
demonstrated in a straightforward manner by considering thetopology that no such heme-sidedness bias will exist. Thus,
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excluded volume plays a more prominent role in limiting distribution of possible conformations away from long-range
conformational space for the wrap-around topology, decreas-(wrap-around) and toward local interactions.
ing the proportion of conformations on the histidine binding  Implications for Protein Foldingln previous work on the
site side of the heme. From Table 3, it can be seen that thedistance dependence of loop formatid®)( we obtained a
probability of forming loops with the histidine binding site  scaling factor of—4.2 + 0.3 for loop formation in the
of the heme is much lower for the wrap-around topology. C-terminal AcHX variants (wrap-around topology). This
Loops less than 7 monomers are not possible for the wrap-value is much higher than the freely jointed random coll
around topology, whereas loops as small as 4 monomers carvalue of—1.5 typically used to represent the conformational
form for the heme-edge topology. We observe end effects properties of denatured proteirk)f. When excluded volume
in the magnitude oP, as previously 18). It is easier to is accounted for, the scaling factor is expected to-121
form a loop if the monomer closing the loop is the last to —2.4 (39, 41). Experimental measurements on small
residue in the chain (i.e., if the number of residuks, peptides are consistent with scaling factors—df.5 42—
separating the monomer that closes the loop from the end44). In these cases, it is unlikely that excluded volume effects
of the chain is zero; see Table 3). Most of the end effect is due to residual structure are important. Combined data from
dissipated when the loop-forming monomer is one in from a number of proteins for disulfide loop formation indicated
the end (= 1), with smaller adjustments as the loop-forming a scaling factor of-2.4 (45), consistent with the predicted
residue moves further in from the end. For loops that are effect of excluded volume on random coil properties. The
one residue in from the end of the chaih £ 1), the 2D square lattice models for the wrap-around versus the
magnitudes of Pand R for the heme-edge topology are 3.4 heme-edge topology suggest that excluded volume effects
and 2.1 times larger, respectively, tharfé? the wrap-around  are more pronounced for the wrap-around topology of our
topology (see Table 3). Thus, the same qualitative difference C-terminal AcHX variants. Since excluded volume increases
is observed for the 2D square lattice model as observedscaling factors, the chain topology relative to the heme may
experimentally, favoring the heme-edge topology over the contribute to the large scaling factor observed for the
wrap-around topology for loops of similar size. The quantita- C-terminal AcHX variants. Unfortunately, i,(obs) values
tive differences are much larger in th&gobs) measure-  are only available for two intramolecular loop sizes (11 and
ments for loops of similar size. However, the lower limit 16; see Table 2) for the N-terminal AeHvariants due to
for the increased favorability of the heme-edge topology the short length of polypeptide N-terminal to the site of heme
obtained by comparing thé<g(obs) values for the N-terminal  attachment. Thus, it is not possible to determine a scaling
variants with the f;(obs) value for the most probable loop factor from the experimental data for the heme-edge topol-
size (37 amino acids, AcH54) with the C-terminal variants ogy.
is similar to the prediction of the 2D square lattice model  Since the heme, as noted above, is large enough to
(both indicate that the heme-edge topology is favored over represent a small element of persistent residual structure such
the wrap-around topology by 3-fold). as gp-hairpin, in a protein denatured state, our experimental
In a 3D cubic lattice, the heme can be represented by aand lattice model data suggest that the topology of the
two-dimensional 3 by 3 square array of monomers with the remaining disordered chain with respect to the element of
chain emerging from the central monomer of the array residual structure can lead to significant biases in the
(opposite to the histidine binding site) for the wrap-around conformational space of the remainder of the chain. The
topology. For the heme-edge topology, the chain would excluded volume effects of the residual structure can skew
emerge from a central monomer on the edge of the 3 by 3the conformational distribution, making scaling factors much
heme array. For a 3D cubic lattice, a maximum of five steeper for some types of contacts for a given topology, as
conformations is possible for a monomer added to the endis observed for the wrap-around topology for histiditeme
of a chain. For the heme-edge topology, only two out of binding in the denatured state of the C-terminal AcH
five conformational positions for the second chain monomer variants (scaling factor of4.2 + 0.3; see refl9). Topologi-
are in contact with the heme. These two conformational cally, the steric constraints of wrap-around histidiieme
positions will only permit four out of five possible confor-  binding are similar to those of a 5-residéhairpin structure
mations for the third monomer. For the wrap-around topol- (see Figure 5a). The excluded volume limits the choices for
ogy, however, four of the five conformations for the second positioning the sixth monomer, favoring extension of the
monomer place this monomer against the surface of thef-sheet and disfavoring longer range wrap-around contacts.
heme, limiting the third monomer to four out of five possible  On the other hand, the heme-edge topology is like a stretch
conformations, in all four cases. Thus, qualitatively, the of 4 monomers irB-structure with no turn. In this case, the
excluded volume effects in three dimensions will be the samelimitations on the fifth and sixth monomers are less (Figure
as in two dimensions, only the magnitude of the effect will 5b), and the structural possibilities for the chain are greater
be diminished, as noted previoustig( 39). and less skewed. Our data for the N- versus the C-terminal
The key insight from the 2D lattice model is that excluded variants of iso-1-cytochrome reflect these differences in
volume plays a significant role in the differences between conformational possibilities for polypeptides with topologi-
the heme-edge and the wrap-around topologies. The hemecally different residual structure and thus in a sense provide
more effectively sterically blocks access to the histidine an experimental verification of the effects of imposed
binding site in the wrap-around topology. Interestingly, the topological constraints on the conformational properties of
topology of the linkage to the heme also reduces the total polypeptide chains previously suggested by lattice models
number of conformations accessible for the wrap-around (18, 39).
topology, simplifying the conformational search for an  The skewing of the conformational distribution away from
ordered structure, while at the same time skewing the high contact order for loop formation for the wrap-around
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Ficure 5: Two-dimensional lattice representations of the confor-

mational possibilities for hexamer chains with residual structure. 9.

(a) A 5-residues-hairpin residual structure fragment showing the
conformational possibilities for the 6th residue. The residues

corresponding to constrained residues in the wrap-around heme 10.

topology are boxed in. (b) A 4-residue segment of residual
p-structure showing the conformational possibilities for the 5th and
6th residues. The residues corresponding to constrained residues

in the heme-edge topology are boxed in. In (a) and (b), the residues 11.

that are part of the residual structure are shown as solid black circles,

and the possible positions of the conformationally unconstrained

residues are shown as open circles. The bonds between the
monomers are shown as solid black lines.

topology provides a rationale in terms of denatured state 13,

conformational properties for the effects of native state
contact order on folding efficiency. These topological
constraints presumably depend on the exact nature and extent; 4
of the residual structure. However, recent structural studies
on the denatured state of proteins under folding conditions
indicate that the conformational biases caused by residual 1
structure in a protein denatured state can be substa@tial (
14). Our experimental loop formation measurements and
lattice modeling results indicate that such conformational
biases are attributable to the effects of excluded volume.

CONCLUSION

The data presented here provide a unique experimental
demonstration of the importance of topology in modulating
the probability of contact formation in a disordered polypep-
tide. The heme-edge topology of contact formation for
denatured iso-1-cytochronteis significantly favored over
the wrap-around topology. Our data provide direct experi-
mental validation that the probability, and thus the efficiency,
of finding a native structure with a more local topology (low
contact order) starting from a disordered state with residual
structure will be higher than for a native structure requiring
more long-range or wrap-around topologies. Many denatured
proteins appear to retain substantial residual structire (
14). Besides the obvious reduction in conformational space
that results from residual structurd)(our results suggest
that the precise topological constraints imposed by the
residual structure, and the resulting excluded volume effects,
will determine the degree of reduction in conformational
space (Table 3) and will dictate what structural interactions
are most likely to occur next in the process of folding a
protein.
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